The auditory brainstem implant (ABI) provides sound awareness to patients who are ineligible for cochlear implantation. Auditory performance varies widely among similar ABI cohorts. We hypothesize that differences in electrode array position contribute to this variance. Herein, we classify ABI array position based on postoperative imaging and investigate the relationship between position and perception.
INTRODUCTION
The auditory brainstem implant (ABI) was developed almost 40 years ago to provide auditory percepts for adults with neurofibromatosis type 2 (NF2; Hitselberger et al. 1984) . Most NF2 patients are not candidates for the cochlear implant (CI) as they have cochlear nerve injury from the growth or removal of bilateral vestibular schwannomas. Indications for the ABI have recently expanded to nontumor adult and pediatric patients who are deaf but who are not CI candidates due to anatomic constraints Puram et al. 2016) . Some ABI patients achieve open-set speech perception (Colletti 2006; Behr et al. 2014; Noij et al. 2015; Yücel et al. 2015) , but for the majority the experience is limited to sound detection and speech pattern perception, both of which enhance lipreading. In addition, there is subject-to-subject variability in (1) number and distribution of electrodes that elicit auditory sensations and (2) the number of electrodes that produce nonauditory side effects and are turned off during a subject's ABI programming (Behr et al. 2014; McSorley et al. 2015; Noij et al. 2015) . Variable success with the ABI has been attributed to various causes, including damage to specific populations of cells in the cochlear nucleus (Colletti & Shannon 2005) .
In contrast to the CI electrode that approximates the tonotopic organization of the cochlea, the ABI array is placed on or near the surface of the cochlear nucleus of the brainstem without bony or surface landmarks to guide precise placement (Hitselberger et al. 1984; . To reach the region of the cochlear nucleus, the ABI electrode paddle is placed via a translabyrinthine or retrosigmoid craniotomy approach through the foramen of Luschka (lateral recess of fourth ventricle) at the level of the glossopharyngeal nerve (cranial nerve IX). Intraoperatively, electrode position is adjusted using electrically evoked auditory brain responses (eABR; Waring 1995 Waring , 1996 , whose morphology can be associated with recruitment of auditory pathway neurons (Waring 1995 (Waring , 1996 Waring et al. 1999; Herrmann et al. 2015) and postoperative sound perception (Herrmann et al. 2015) .
After ABI surgery, postoperative computed tomography (CT) is routinely performed to rule out hematoma, pneumocephalus, or brain herniation associated with craniotomy surgery, and has been used to confirm array position within the lateral recess (Shannon et al. 1993) . In other systems, intraoperative CT compares favorably with electrophysiology when used to guide placement of deep brain stimulation electrodes for the management of Parkinson disease or essential tremor (Burchiel et al. 2013) . Intraoperative flat panel x rays and mobile fluoroscopic systems (portable C-arm) are used to provide feedback to the surgical team about the location of the CI electrode (Ahn et al. 2011; Dirr et al. 2013) . Radiology during CI surgery can be used to generate a static view of the electrode or provide a live video stream to guide insertion. CT provides the most detailed information about the orientation of CI electrodes within the cochlea (Sennaroglu & Saatci 2002; Kong et al. 2012; Svrakic et al. 2015) . CI surgery for severe malformations of the inner ear also benefit from novel intraoperative CT approaches (Bloom et al. 2009 ).
Herein, we aim to use routine postoperative CT to describe the intracranial position of electrode arrays in ABI subjects in three-dimensional (3D) space. We establish a classification system for 3D ABI array position using angle and linear 
MATERIALS AND METHODS

Patient Selection and Study Design
Approval for this study was obtained from the Human Studies Committee of Massachusetts Eye and Ear Infirmary (Protocols #340312, #441528, #444277). Inclusion criteria were adult or pediatric patients with bilateral profound sensorineural hearing loss who underwent ABI surgery for NF2 or non-NF2 etiologies with postoperative head CT imaging. ABI patients received either the Nucleus ABI24 or Nucleus Profile ABI541 (Cochlear Corporation, Sydney, Australia). The ABI541 is not approved by the Food and Drug Administration for non-NF2 etiologies. Both implants share the same electrode array consisting of 21 surface contacts measuring 0.7 mm in diameter on a backing that measures 3 × 8.5 × 0.7 mm. A separate ground lead is placed outside the craniotomy defect and in between the calvarium and temporalis muscle.
Imaging
Following translabyrinthine or retrosigmoid craniotomy and ABI placement, subjects underwent noncontrast CT imaging. The pediatric patients were imaged one day after surgery, and the adult patients were imaged at other times (days to years after surgery). Imaging was performed on SOMATOM Definition Edge and Flash (Siemens), and Discovery CT 750HD (GE) CT scanners. Scanning parameters varied between imaging series, with peak kilovoltage ranging between 80 and 120 kVp, exposure time ranging from 912 to 1178 msec, and slice thickness varying between 0.39 and 1 mm.
To standardize imaging data across subjects, axial CT images for each subject were reformatted into "true axial" series using multiplanar reconstruction (MPR) and the McRae line, which made the foramen magnum parallel to the axial plane in every subject. The McRae line is a common craniometric measurement and skull baseline utilized in cross-sectional imaging, and has been validated to assess basilar invagination (atlanto-axial impaction; Mcrae & Barnum 1953; Cronin et al. 2009; Kwong et al. 2011; Ladner et al. 2015) . The line is drawn across the foramen magnum in the sagittal plane and connects the basion (the most medial, posterior, and inferior segment of the basiocciput at the clival base that forms the most anterior point of the foramen magnum) with the opisthion (the most medial and posterior point of the foramen magnum). Therefore, to standardize all subject imaging data for comparison, all CT scans were reformatted to a "true axial" series using the McRae line. Similar to the axial plane, the sagittal plane was aligned using the dens and anterior bony nasal septum, and the coronal plane was aligned using the inferior borders of the foramen magnum bilaterally. All images were reformatted in 0.6 mm slices.
True axial reformatted DICOM files were exported with a picture archiving and communication system (PACS) (Synapse version 4.4) and imported into OsiriX MD v.7.0.1 64-bit. Each image series was viewed in MPR mode, where coordinates were marked at the basion and at the proximal and distal tip of the electrode array (Fig. 1A, B) . The view was then switched from axial 2D (Fig. 1A , B) to a 3D maximum intensity projection (MIP) to reveal pertinent anatomic structures and confirm marked coordinates (Fig. 1C, D) .
The electrode array position was further classified by angle using coordinates marked in MPR. JPEG images of standard views for each subject were exported from OsiriX and imported into ImageJ 1.47v. Angle V was the angle with respect to the horizontal measured from a standard left lateral view (Fig. 1C) . Angle T was the angle of the electrode with respect to the horizontal measured from a standard posterior view (Fig. 1D) . Linear measurements were made between the proximal tip of the electrode array and the basion markings from left lateral and posterior views. D1 was the vertical distance from the basion to the array, as measured from a standard posterior view. D2 was the lateral distance measured from the midline to the array, as measured from a standard posterior view.
Classification System
A classification system was designed a priori. Due to potential differences in structural size between pediatric and adult patients, the datasets were stratified into two separate groups. Array position was classified based on angle and distance. Classification types I to IV were based on angle V into type I (71° to 90°), type II (21° to 70°), type III (0° to 20°), and type IV (outside 0° to 90°) (Fig. 2) . A second set of classification types A to D were based on angle T into the same brackets as above for: type A (71° to 90°), type B (21° to 70°), type C (0° to 20°), and type D (outside 0° to 90°) (Fig. 2) .
Mean and standard error of the mean values were calculated for D1 and D2, stratified for adult and pediatric subjects. Individual values for electrode distances greater than twice the standard error of the mean were given either a "superior" designation for D1 or "lateral" designation for D2.
Perceptual Analysis
Perceptual data were extracted for analysis from measures made in conjunction with programming of the ABI using the device manufacturer's clinical software (Custom Sound, Cochlear Corporation) and the standard programming pod interface with either a Freedom or N6 speech processor. Psychophysical threshold (T) and just-uncomfortable loudness (C) levels were set for each electrode using monopolar stimulation reported in manufacturer clinical units (CL, Cochlear Corporation). For children, thresholds were measured using visual reinforcement audiometry and in some cases conditioned play audiometry. Uncomfortable levels were set by observing any adverse effects and achieving an adequate dynamic range. Adult subjects either verbally reported detection of a sensation or raised their hand for thresholds and verbally judged the loudness of the sensation for uncomfortable levels. A mean threshold level for each patient was calculated by averaging the thresholds for all active electrodes in the array (not counting (1) disabled electrodes, which were turned off due to side effects or (2) electrodes for which there was no response near maximal stimulus intensity). "Heatmap" plots using color coding were constructed to illustrate the differences in thresholds across the electrodes. Adult subjects ranked active electrodes by perceived pitch by comparing the pitch of active electrode pairs. This pitch ranking was used for frequency allocation in the processor program (MAP). Perceptual data were then stratified by the classification of ABI electrode orientation. BARBER Et al. / EAR & HEARING, VOL. 38, NO. 6, e343-e351 e345 
RESULTS
Demographics
We analyzed the 3D CT orientation of 14 ABI electrode arrays from 11 patients (7 adult, 4 pediatric; Table 1 ). One pediatric patient (S01) had a revision procedure because of device failure due to trauma in the setting of mechanical falls (receiverstimulator); another pediatric patient (S02) had hard device failure of unknown cause, and 1 adult patient (adult 02) had bilateral implants. All children underwent retrosigmoid craniotomies. Five of the adult patients had NF2. Two adults had retrosigmoid craniotomies with gross total tumor resection (adult 03, adult 04), 1 had a retrosigmoid craniotomy with subtotal resection of tumor (adult 02), 1 had a translabyrinthine craniotomy for ABI placement with no residual tumor (adult 01), and 1 had a prior translabyrinthine craniotomy with tumor resection involving cranial nerves V, VII, and VIII at the time of ABI placement (adult 05). The 2 adult non-NF2 patients underwent retrosigmoid craniotomy for ABI placement (adult 06, adult 07). The mean age at time of operation for pediatric subjects was 22 months old (range 11 to 31 months), and the mean age for adult subjects was 43.4 years old (range 23 to 68 years). Additionally, 9 of 14 (64%) of subjects were male, and 11 of 14 (79%) ABIs were right sided.
Classification of ABI Electrode Array Position
Reconstructions of the electrode arrays demonstrated very clear images within the bony outlines of the subjects' head ( Figs. 1 and 2 ). From these 3D MIP reconstructions in OsiriX, there is clear and detailed resolution of the array's long and short axes of the array as well as the array's cable. There is also a clear resolution of the reference electrode and the bony landmarks of the skull. Overall, the position and angle of the array could be computed with confidence. Subjects had a wide variety of ABI array orientations (Table 2 ; Fig. 2 ). Two angles, V and T, were measured from lateral and posterior views, respectively. Mean angle for V was 42.42° ± 8.9, which indicates a posterior tilt to the array on average. Mean angle for T was 37.3° ± 15.95, which indicates a medial tilt to the array on average. The angles were separated into types (Fig. 2 ) and the distribution of classifications is given in Tables 1 and 2 . The majority of 14 electrode arrays were type II (n = 7) and type A (n = 6). Subjects whose array types fell within 90° in both planes (types A to C and I to III) were assigned combined types. Type IIB was the most common combination (n = 4), followed by type IIA (n = 3; Table 3 ).
Subjects also had a variety of distances (Fig. 3A ). An example of variability is one adult subject with bilateral ABI's, in which the array on the left side is much higher than the array on the right side (Fig. 3B) . Mean distances for D1 and D2 were 1.82 ± 0.10 cm and 1.05 ± 0.16 cm for adults. As expected from head size differences, pediatric subject D1 and D2 were smaller with mean distances of 1.37 ± 0.09 cm (42% smaller than adults) and 0.97 ± 0.08 cm (8% smaller than adults), respectively. The outliers (beyond two standard errors of the mean) for the distance measurements D1 were 2 adult and 1 pediatric subjects with what we call "superior" electrodes (Fig. 3C) . The outliers for the distance measurements D2 were 2 adult and 1 pediatric subjects with what we call "lateral" electrodes (Fig. 3D ).
Perception Data
Perception data were available for 6 adult subjects and 4 pediatric subjects, 2 of which had revisions (Table 1) Fig. 3 . A, Scatter plot of electrode array distances relative to the basion (origin of plot marked as the green circle). D1 is the vertical distance from the basion to the array, while D2 is the lateral distance from the midline to the array. Dotted lines represent values twice that of the SEM. The yellow asterisk corresponds to an adult subject with a "superior" D1 value twice that of the SEM. The green asterisk corresponds to a pediatric subject with a "lateral" D2 value twice that of the SEM. B, Posterior 3D maximum intensity projection view of an NF2 adult subject demonstrating variation in position of the two auditory brainstem implant arrays on the left and right sides in this patient (blue arrows). The array on the left side (open blue arrow) was clearly in a superior position compared with the array on the right. It corresponds to the same data point with the yellow asterisk in (A). C, Enlarged semischematic posterior views demonstrate that outlying arrays (green and yellow asterisks) had large regions with electrodes turned off. Perceptual data are shown as large white dots for electrodes that evoke sound sensations and as small gray points for electrodes that were turned off because of side effects or little to no response at high current levels. For two arrays with "superior" D1 values, the most superior electrodes were turned off. The distribution of electrodes evoking sound sensations (white dots) is shifted inferiorly on the array compared with a typical electrode distribution (middle array, which shows typical distribution for 3 subjects with similarly-oriented type A arrays). D, The array with the green asterisk with a "lateral" D2 value had its lateral-most electrode turned off, in comparison to the typical electrode distribution for similar medially tilted type B arrays. SEM indicates standard error of the mean. & HEARING, VOL. 38, NO. 6, thresholds (Table 1) and "heatmaps" (color plots with scalar values assigned to threshold levels for each electrode in an array) demonstrate evidence for a region with much lower thresholds compared with other areas for all type A arrays, termed a "sweet spot." For example, Figure 4 demonstrates the "sweet spot," of a cluster of electrodes with lower thresholds (under 100 CL) surrounded by electrodes with increasing thresholds (100 to 150 CL). These arrays with a type A classification do not tilt medially or laterally when observed from a standard posterior view. Type B and D arrays (the latter only seen in adult subjects) showed higher thresholds without discernable sweet spots. All adult ABI subjects reported side effects associated with some electrodes, whereas side effects were observed for 2 of 6 pediatric subjects (both type B). Type B arrays in those children had a consistent distribution of side effects in the distal and proximal tips of arrays (Fig. 4) . These side effects were adjacent to electrodes with higher threshold levels between 130 and 150 CL. Side effects were not observed in any pediatric type A arrays. Second, side effects were present in type IV (n = 1), type D (n = 2), and type B (n = 2) arrays. Within each array, the number of side effects ranged from an average of 0 to 6 electrodes per array in all combined types; however, type D arrays had the highest mean number of disabled electrodes with 10.5 per array (Table 3 ). In type B and D arrays, the side effect or no response electrodes were adjacent to ones with high thresholds.
Subjects with array designations "superior" and "lateral" for D1 and D2, respectively, were of particular interest. For D1 "superior" arrays positioned higher along the brainstem (n = 3), active electrodes were distributed more inferiorly on arrays (Fig. 3A, C) . One of these subjects was an adult with the "superior" array on the left side (Fig. 3B, C) and an inactive ABI on the contralateral side that was much lower along the brainstem. For D2 "lateral" arrays (n = 3), active electrodes were distributed more medially along the array (Fig. 3A, D) .
Finally, pitch ranking (adults only) generally increased from low to high pitches distally across the length of the electrode for types II, III, IV, and D (n = 4/5) whose distal tips aimed posteriorly. Low pitches were usually ranked more anteriorly, while high pitches were ranked more posteriorly. This pattern suggested a tonotopic map of increasing pitch sensation from anterior to posterior across the cochlear nucleus (Fig. 5) . Of the 5 subjects, the 1 who did not show this pattern may have had confounding variables. In particular, this patient had baseline cognitive delay from neural sequalae of NF2, and did not provide reliable responses for pitch ranking (in comparison to more Boolean yes/no responses for perception of auditory stimuli in electrodes).
DISCUSSION
Visualization of the ABI Electrode Array in 3D Using Standardized CT Reconstructions
This is the first study to classify ABI electrode array position using 3D CT reconstruction. Early studies have relied on imaging to confirm ABI electrode array position in the lateral recess Fig. 4 . Enlarged posterior views of six arrays in pediatric subjects (top) and six arrays in adults (bottom). Accompanying perceptual data are shown in the color maps adjacent to the arrays: For the 21 electrodes, perceptual thresholds are coded according to the scales at left (in CL) for electrodes that evoke sound sensations. For other electrodes, red X's indicate electrodes that evoke side effects and white indicates electrodes that produce either no response or minimal response at very high current levels. Pediatric subjects SO1-R and SO2-R are revisions of SO1 and SO2, respectively.
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of the fourth ventricle; however, detailed 3D orientation was not rigorously investigated (Shannon et al. 1993; Lo et al. 1995) . Using visual analysis of 3D CT reconstructions (following standardized reformatting and post processing methodology), we accurately measured angles and distances of the ABI array relative to fixed bony landmarks within the skull to precisely characterize electrode position. In traditional CT imaging, such angles would be impossible to calculate unless the net vector of the electrode is in the plane being measured. 3D MIP in OsiriX overcomes this limitation by rendering only the highest-intensity pixel values in an orthogonal view, revealing the electrode orientation in 3D space. The use of OsiriX for accurate and reliable length measurements has been validated in other studies (Rosset et al. 2004; Kim et al. 2012) .
The use of standardized landmarks such as the basion (Moubayed et al. 2012; Avci et al. 2015; Ladner et al. 2015) allows direct comparisons of positional data to be made across ABI subjects. The basion is the most medial, posterior, and inferior segment of the basiocciput at the clival base. This landmark is unlikely to change significantly as pediatric subjects mature due to the nature of skull development. Ossification centers of the spheno-occipital synchrondroses extend rostrally toward the dorsum sellae, while the basion remains in the same position within the skull base (Zhang et al. 2011 ).
Classification of Arrays Using Angle and Distance Measurements
We used reformatted images in a true axial plane so that electrode array position could be both resolved and measured. A major result of this study is that electrode arrays had variable orientations (Fig. 2) . Much of the data were collected using angular measurements, with the idea that angles are not affected by anatomic variations in head size that especially occur between pediatric and adult subjects. There may be sources of error in our measurements. If the 3D viewing angle was not within the standardized plane, there would be an error in the angular measurement. Additionally, angle T may have a greater propensity for error during measurement compared with angle V, because the projection of the long axis of the array is most often in the coronal plane (Fig. 1E) . However, given that array angles ranged over greater than a 90° in each plane, small errors in measurement are unlikely to have a large effect on the classifications. Variability of cerebellopontine angle anatomy, the presence of brainstem abnormalities from tumor growth, and challenges with the blind surgical approach to place the ABI electrode likely contributes to the range of electrode orientation despite the established landmarks of cranial nerves VIII, IX, and the choroid plexus to guide initial device placement (Vincent 2012) .
Distances D1 and D2 were chosen for measuring position in the coronal and sagittal planes relative to the basion. Due to head size variation, comparisons between pediatric and adult subjects were especially difficult. Normalization of data could be developed to enable such comparisons. Finally, another limitation of pediatric/adult comparison is that some of the adult subjects underwent tumor removal surgery, and this surgery or the tumor may have changed the brainstem anatomy so to preclude any comparison.
Relation of ABI Electrode Array Position With Perception
Multiple studies have reported variable distributions of active electrodes on arrays (Wackym et al. 2005; Herrmann et al. 2015) ; however, the present study is the first to associate perceptual data with orientation. These data suggest that some ABI array orientations are associated with perceptual measures. For example, compared with other classification types, type A arrays in pediatric subjects seem to have regions of lower thresholds (Fig. 4) . A cluster of electrodes with lower thresholds may suggest an area on the array that is more optimally positioned over the brainstem surface for stimulation of the cochlear nucleus, and would seem to abut it superiorly and inferiorly (Fig. 4) . In addition, no side effects were observed for type A arrays in pediatric subjects. This finding, however, needs to be 
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BARBER Et al. / EAR & HEARING, VOL. 38, NO. 6, viewed with caution in light of the inability of children with insufficient language to report side effects and the difficulty of observing the most common ABI nonauditory sensation of tingling. Conversely, type B and D arrays had electrodes that were associated with side effects; such electrodes were disabled during device programming. Type D arrays had twice the number of disabled electrodes due to side effects compared with any other type. Nonauditory side effects almost certainly correspond to activation of anatomic structures adjacent to the cochlear nucleus. In 1 pediatric subject with a type B electrode, an electrode (#22) located superior and medial relative to the middle of the array was disabled due to facial twitching. Anatomically, the corresponding superficial structure located in the medial pons is the facial colliculus, whereby the seventh cranial nerve wraps posteriorly around the abducens nucleus (Fig. 6) . Similarly, in another pediatric subject with a type B array, electrodes inferior and lateral relative to the middle of the array (#2 to 4) were disabled due to gagging during sedated activation. These electrodes are in proximity to the nucleus ambiguous in the lateral rostral medulla. The dorsal root entry zone for cranial nerve X could elicit similar side effects with direct electrical stimulation; however, all pediatric subject operative reports stated that ABI arrays were placed fully through the foramen of Luschka. This positions arrays within the lateral recess of the fourth ventricle rather than abutting cranial nerve rootlets. Finally, 2 adult subjects with type D (laterally tilted) arrays experienced somatosensory side effects in the trigeminal nerve distribution in response to stimulation of distal array electrodes. One subject in particular reported teeth tingling and sensations consistent with the V3 branch of the trigeminal nerve. Corresponding anatomic structures lateral to the dorsal cochlear nucleus in the brainstem are the anterior and posterior trigeminothalamic tracts, which include sensory fibers from this dermatomal distribution. These ideas about which structures were associated with side effects cannot be confirmed because the exact location over the brainstem is not known. Future studies that align CT and magnetic resonance images and superimpose electrode arrays with neuroanatomic structures are needed to make this association.
Perceptual measures were also found to be associated with electrode distances from fixed bony landmarks. Arrays with D1 or D2 values twice the standard error of the mean demonstrated predictable changes in the distribution of active electrodes compared with other arrays based on their coordinates. For D1, "superior" electrodes positioned more relatively higher up along the brainstem had more active electrodes inferiorly on the array (Fig. 3C ). For D2, "lateral" electrodes positioned more laterally away from the midline had active electrodes located more medially on the electrode (Fig. 3D ). These observations in subjects with large values for D1 and D2 may provide insight for activation and initial MAP programming in future subjects.
Implications for ABI Array Placement
Currently, the ABI electrode array is surgically placed through the foramen of Luschka into the lateral recess of the fourth ventricle without the benefit of surface landmarks of the cochlear nucleus. Visualization can be improved with endoscopic assistance before placement (Wackym et al. 2005 ; Fig. 6 . Three-dimensional model showing a hypothetical interaction between an auditory brainstem implant electrode array and the dorsal brainstem surface. A cluster of electrodes, the "sweet spot," has lower T values (shown in blue) because it may be closest to the dorsal cochlear nucleus. Adjacent electrodes with higher T values (shown in red) are more distant. The electrode array illustrated is a type A electrode array (without tilt medially or laterally). For type B electrodes with medial tilt, adjacent brainstem structures that might be contacted include the facial colliculus superiorly and medially, and the rostral medulla inferiorly and laterally. & HEARING, VOL. 38, NO. 6, e351 Komune et al. 2015) , but the overall view during placement of the electrode array is very limited. Intraoperative eABR is utilized to optimize placement by identifying components of the eABR that are associated with auditory perception (Wackym et al. 2005; Komune et al. 2015) . Future CT scans might predict the quality of array placement before ABI activation. Furthermore, imaging modalities such as plain film x ray, scout fluoroscopy, or portable CT imaging could be utilized intraoperatively to guide ABI placement. In this scenario, ABI placement could be potentially optimized using both structural and electrophysiologic navigation at the time of surgery. However, patients with distorted brainstem anatomy as a result of tumors may not be good candidates for this analysis, and variation in patient head size could also complicate such an approach.
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CONCLUSION
This study is the first to systematically analyze postoperative ABI electrode array position. Array position can be reliably observed and objectively measured using 3D CT reconstructions and fixed bony landmarks and can be used to correlate with the range of audiologic outcomes seen in pediatric and adult ABI users.
